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Interface between Quantum-Size-Effect Pb Nanocrystals
and the Si(111)7 9 7 Substrate: an X-Ray Diffraction Study
M.W. GRAMLICH, S.T. HAYDEN, C.A. JEFFREY, C. KIM, R. FENG, E.H. CONRAD,
and P.F. MICELI
In-situ X-ray diﬀraction is used to study the structure of Pb nanocrystalline islands grown on
Si(111)7 9 7. The coverage dependence of the (0,8/7) surface reﬂection demonstrates that when
the Pb nanocrystals nucleate, they consume the wetting layer. Concomitantly, the nanocrystals
move away from the Si substrate and exhibit two-dimensional mosaicity in the substrate plane,
while maintaining nearly perfect orientation in the direction perpendicular to the plane. These
results, along with the fact that the nanocrystal interface is very smooth despite the highly
corrugated substrate, indicate that the nanocrystals decouple from the Si substrate and provide
an excellent interface to support electron standing waves that are needed for quantum-size
eﬀects (QSEs).
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I. INTRODUCTION
THE discovery of quantum-size eﬀects (QSEs) in Pb
nanocrystals grown on the Si(111) substrate has
attracted considerable interest because of the novel
properties they exhibit.[1] Through a Stranski–
Krastanov growth mode, thin pancake-shaped islands
form after the completion of one monolayer (ML) of Pb.
These nanocrystalline islands exhibit ‘‘magic’’ heights
that are related to the quantum conﬁnement of the
conduction electrons. Indeed, these conﬁnement states
have been observed in photoemission experiments.[2]
Recent X-ray scattering experiments have shown novel
coarsening behavior due to the breakdown of the
Gibbs–Thomson eﬀect when there are QSEs.[3] The
same studies also demonstrated anomalously fast kinet-
ics that are at least three orders of magnitude faster than
expected as compared to larger crystals. The fast
kinetics is essential for observing island morphologies
determined by minimum energy considerations rather
than by kinetic limitations that are generally employed
for understanding epitaxial crystal growth.
At present, there is little understanding of the role of
the Pb/Si interface, which impacts three important
aspects of QSE in this system: (1) the interfacial energy
relative to the conﬁnement energy, (2) the eﬀect of the
interfacial structure on the electron standing waves, and
(3) the role that the interface plays in changing the
kinetics of growth. Each of these issues is important to
understand in order to have a clear picture of why and
how QSE occurs in this system, as well as how we might
expect these results to be manifested in other systems.
Previously, we have suggested that, once formed, the
nanocrystals consume the wetting layer and pull away
from the substrate.[4–6] In this article, we present new
data that more directly supports these conclusions.
Collectively, these results lead to the conclusion that the
Pb nanocrystals are quite decoupled from the substrate.
II. EXPERIMENTAL DETAILS
The experiments were performed in the ultrahigh
vacuum chamber for surface scattering studies at the
MUCAT sector 6 beamline at the Advanced Photon
Source. The Si(111) substrates (n type; resistivity is 0.1 to
10 X cm) were outgassed for at least 6 hours at 600 C
and allowed to cool before ﬂash annealing to 1200 C
and slow cooled from 900 C to room temperature. This
procedure provides a high-quality 7 9 7 reconstructed
surface with a surface mosaic width, measured with
X-rays, of just a few hundredths of a degree. The Pb was
deposited from an Omicron EFM3 electron-beam evap-
orator with the substrate held at 208 K. The Pb
coverages are quoted in terms of bulk Pb monolayers.
III. RESULTS AND DISCUSSION
Upon deposition, a 1 ML wetting layer forms, which
is highly disordered because of the underlying 7 9 7
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reconstruction of the Si. At present, the best estimate of
the wetting layer structure is that it is an 8 9 8 unit cell
within the Si 7 9 7 cell.[7] Because of the mismatch and
the Si adatom layer, there are considerable vertical
ﬂuctuations in the structure. Above 1 ML of coverage,
Pb nanocrystals form and in-plane as well as out-of-
plane reﬂections can be observed corresponding to fcc
Pb.[4–6] Our studies of the Pb(111) Bragg reﬂection,
which is oriented perpendicular to the surface, have
found two important features of the vertical structure
upon the growth of the nanocrystals.[4–6] First, as
indicated in Figure 1, the interfacial distance between
the Pb and the Si substrate is 0.3 to 0.4 A˚ larger for the
nanocrystal than for the wetting layer. Second, the
vertical displacement disorder of the Pb nanocrystal is
signiﬁcantly diminished in comparison to the wetting
layer. These results suggest that the nanocrystals incor-
porate the wetting layer beneath it; otherwise, the
nanocrystals would possess a smooth interface on top
of a vertically rough Pb wetting layer, which is unlikely.
We now present new evidence that is considerably
more direct in showing that the wetting layer is
consumed by the nanocrystal. Figure 2 shows the
(0,8/7) intensity, measured in grazing incidence geome-
try, as a function of Pb coverage. Although this surface
reﬂection is present for the Si(111)7 9 7 reconstructed
surface, it becomes extremely intense at 1 ML of Pb
coverage because the 8 9 8 Pb unit cell of the wetting
layer ﬁts within the reconstructed substrate unit cell.
Above 1 ML, the intensity rapidly decreases as the
nanocrystals form, directly indicating the disappearance
of the wetting layer. This means that there is no longer a
wetting layer underneath the nanocrystalline island, and
this is an important distinction in the context of the
Stranski–Krastanov growth mode, which generally
assumes that islands exist on top of a strained wetting
layer. At very high coverage, when the nanocrystals
have coalesced, the slower intensity decay is due to the
photoelectric absorption of X-rays from the Pb ﬁlm.
Extrapolating this line back to zero coverage indicates
an intensity that is slightly higher than the starting
Si(111)7 9 7 intensity, suggesting that the 7 9 7 recon-
struction is only slightly perturbed by the Pb.
We now turn to the in-plane structure of the nano-
crystalline islands. Radial scans performed in plane
show a sharp diﬀraction peak for fcc Pb 220
 
, and this
occurs at a position corresponding to the bulk Pb lattice
constant; thus, the Pb nanocrystal is incommensurate
with the substrate. Concomitantly, we observe a large
mosaicity in transverse scans through the Bragg reﬂec-
tion. As shown in Figure 3, the mosaicity is quite large,
on the order of 15 deg, indicating large two-dimensional
rotational ﬂuctuations in the orientation of the nano-
crystals. The out-of-plane Pb(111) reﬂection remains
sharp and does not exhibit this mosaicity. In fact, it
exhibits a two-component line shape: one that is
resolution limited and another that is the diﬀuse
scattering from island-island correlations. This latter
diﬀuse scattering was, in fact, used to measure island
coarsening.[3] Thus, we conclude that islands maintain a
high degree of orientation perpendicular to the surface,
while exhibiting large orientational ﬂuctuations in the
plane.
Fig. 1—Side view. Nanocrystalline islands having ‘‘magic’’ heights
form for coverages greater than 1 ML. The islands are found to dis-
place 0.3 to 0.4 A˚ away from the Si substrate, while the Pb-Si inter-
face becomes very smooth.
Fig. 2—Coverage dependence of the (0,8/7) surface reﬂection mea-
sured by grazing incidence X-ray diﬀraction. The intensity is maxi-
mum at 1 ML coverage, corresponding to the completion of the
wetting layer. The subsequent intensity decay is due to nanocrystal-
line islands consuming the wetting layer beneath them. The intensity
decay above 10 ML coverage is due to photoelectric absorption of
the X-rays due to islands coalesced into a Pb ﬁlm.
Fig. 3—Transverse (rocking) scan of the in-plane Pb 220
 
reﬂec-
tion, which exhibits ~15 deg mosaic width. By contrast, the inset
shows a rocking scan of the (0,8/7) surface reﬂection, which is only a
few hundredths of a degree in width.
1160—VOLUME 41A, MAY 2010 METALLURGICAL AND MATERIALS TRANSACTIONS A
IV. SUMMARY
We now have a clear understanding of how the
nanocrystals evolve from the wetting layer. First,
without the beneﬁt of Pb neighbors, the Pb atoms in
the 1 ML wetting layer exhibit short bond lengths with
the Si substrate. However, once the nanocrystal forms,
the Pb that was once in the wetting layer then
incorporates into the fcc structure of the nanocrystal
and the Si-Pb bond length dramatically increases. The
results in Figure 2 provide the ﬁrst direct evidence that
the wetting layer is consumed by the nanocrystals. At
the same time, X-ray reﬂectivity shows that the nano-
crystal-Si interface becomes very smooth, while in-plane
diﬀraction shows a large two-dimensional mosaicity.
The eﬀect of the nanocrystals on the Si(111)7 9 7
reconstructed surface appears relatively small. Taken
together, these results indicate that the Pb nanocrystals
are quite decoupled from the substrate and ‘‘ﬂoat’’ on
top of it. The smooth interfaces on both sides of the
nanocrystal permit well-deﬁned boundary conditions for
the electron standing waves that give rise to QSE, while
a weak interaction with the substrate causes minimal
perturbation to these energy levels.
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